Abstract Thirty-three soybean [Glycine max (L.) Merill] genotypes, comprising 14 black-seeded and 19 yellow-seeded ones, were selected on the basis of their reported storability for the biochemical phenotyping to establish the role of lipid peroxidation and antioxidant enzymes in seed longevity. The present study revealed clear genotypic variability with respect to storability among different soybean genotypes. Good-storer genotypes with lower electrolyte leakage were characterized by smaller seed size with black testa color. The level of volatile aldehydes released and lipoxygenase II enzyme activity were higher in the yellow-seeded genotypes than in the black-seeded genotypes, though it increased in all during ageing. A sharp increase in the release of volatile aldehydes and lipoxygenase II activity, concomitant with the reduction in germination under uncontrolled laboratory conditions of storage indicated the role of lipid peroxidation in seed longevity behavior (r = -0.6638** and r = -0.7639**, respectively). No significant difference was noted in the mean hydroperoxide lyase activity of black and yellow-seeded genotypes. However, maintenance of high hydroperoxide lyase activity during storage resulted in higher release of volatile aldehydes and poor storability of seeds. Significantly higher antioxidant enzyme activity was recorded in the black-seeded genotypes than in the yellow-seeded ones, though there was a reduction in hydroperoxide lyase activity during storage in all the genotypes. The viability of black-seeded genotypes after storage for 1 year was better than the yellow-seeded genotypes.
Introduction
Soybean [Glycine max (L.) Merill] has assumed an important position in India's oilseed cultivation scenario, due to its high productivity and vital contribution towards maintaining soil fertility.
Though the area under soybean has grown from 6.4 mha in 2000 to more than 9 mha in 2010, the maintenance of seed quality remains a matter of concern in soybean cultivation.
Seeds attain maximum potential for germination and vigor at physiological maturity, wherein a non-dormant seed would, theoretically, be capable of 100 % germination. Subsequently, the seed quality deteriorates fast, particularly under warm and humid climatic conditions, as prevalent in India. Soybean seed germination is often reduced below the recommended standards (70 % germination) within a single planting season, due to field weathering [6] , mechanical damage, and physio-biochemical parameters [3] . However, large variations are reported for seed deterioration in soybean. Black-seeded landraces of tropical and subtropical regions such as T-49, Birsa-1 and Kalitur were found to have better storability than the yellow-seeded temperate varieties such as Clark-63, Lee and Bragg [10, 11] .
Lipoxygenase (LOX) activities are reported to be associated positively with seed ageing in soybean [16] . High activity of LOX I, LOX II, and production of malondialdehyde and other volatile aldehydes were more in the bold and yellow-seeded poor-storer varieties than the black and small-seeded good-storer varieties [3] . This peroxidation process results in the accumulation of active oxygen species (AOS) or free radicals, which has been reported to cause cell injury and disturbances in cellular integrity, resulting in rapid loss of germination [17] . Such seed lots have been shown to have high electrolyte leakage, whereas seeds with high vigor and hence, good storability, have low electrolyte leakage [8] .
The mechanism by which the cell protects its integrity is by mopping-up (the excessive) free radicals by the activity of an active oxygen-scavenging system (AOSS), viz., superoxide dismutase (SOD), peroxidase (POX), and catalase (CAT). Activity of such enzymes lowers active oxygen/hydroxyl radical formation. Loss of seed viability is reported to be associated with a reduction in the activities of antioxidant enzymes [4, 10] . However, inconsistent results were reported with respect to the storage patterns and antioxidant activities in the fresh seeds of different genotypes.
The present study was undertaken during 2009-11 with the objective of biochemical phenotyping of soybean genotypes to establish the role of lipid peroxidation and antioxidant enzymes in seed longevity.
Materials and Methods

Plant Materials
Thirty-three soybean germplasm lines (14 black-seeded and 19 yellow-seeded) were collected from the Senior Soybean Breeder, Division of Genetics, IARI, New Delhi ( Table 1 ). The genotypes were selected based on preliminary studies conducted by earlier workers [3, Dr. S. K. Lal, unpublished], wherein a general categorization of soybean genotypes into good, medium, and poor storers was carried out. The seeds were used after one cycle of multiplication, during the wet season (kharif), 2009 in the Research Farms of Division of Seed Science and Technology, IARI, New Delhi, so as to ensure uniformity in the physiological status of the seeds. Seeds were threshed and cleaned manually to avoid mechanical injuries. All postharvest operations were conducted manually, in order to minimize mechanical injuries. Uniform moisture content was ensured in all seed lots prior to the onset of the experiment by drying in silica gel.
Seed Storage
About 150 g of untreated fresh soybean seeds were packed in cloth bags (after drying the samples to an average seed moisture content of 7.8 %) and stored under uncontrolled conditions in the laboratory with an average relative humidity of 65 ± 5 % (max 93 % and min 14 %) and temperature of 25 ± 2°C (max 40°C and min 13°C) up to 1 year. Samples were drawn at the start of the experiment and after 12 months of storage for evaluation of the following parameters.
Germination Test
Germination was tested at 25°C in three replications of 100 seeds each, following the between-paper (BP) method [9] . The germinated seeds were evaluated as normal seedlings, abnormal seedlings, hard seeds, and dead seeds. The presented germination percentage values correspond to the mean percentage of normal seedlings. Values were recorded on the 8th day of germination.
Electrical Conductivity of Seed Leachate
The extent of membrane permeability was measured as electrical conductance of seed leachate by following the standard procedure of Agrawal and Dadlani [2] . The results were expressed as lS/cm/g of seed fresh weight.
Lipid Peroxidation Studies
Production of volatile aldehydes was measured using MBTH test as per the procedure of Wilson and McDonald [20] . The aldehyde released was expressed as micrograms formaldehyde per gram of seed fresh weight. Lipoxygenase II (EC 1.13.11.13) enzyme activity was assayed as per the procedure described by Grossman and Zakut [7] . The results were expressed as U/min/g of seed fresh weight. One unit of LOX activity was defined as an increase in absorbance at 234 nm/min/g of seed fresh weight under assay conditions. Hydroperoxide lyase (EC 4.2.1.92) enzyme activity was assayed as per the procedure described by Vick [18] . The net enzyme rate was expressed as lmoles of NADH oxidized per min per gram of seed fresh weight.
Antioxidant Enzyme Assays
Superoxide dismutase (EC 1.15.11) activity was measured as per the procedure of Beauchamp and Fridovich [5] . The results were expressed as U/min/g of seed fresh weight. One unit of SOD activity was defined as the enzyme activity which inhibited the photo reduction of NBT to blue formazan by 50 %. Glutathione reductase (GR, EC 1.6.4.2) activity was determined as previously described by Mavis and Stellwagen [15] , by following the rate of NADPH oxidation at 340 nm. The results were expressed as lmoles of NADPH oxidized/min/g of seed fresh weight. Catalase (EC 1.11.1.6) activity was determined as per the methodology of Aebi [1] . The results were expressed as lmoles of H 2 O 2 decomposed/min/g of seed fresh weight.
Statistical Analysis
The data was analyzed using SAS software package version 9.2, for calculation of minimum significant difference (MSD). All the replicated data was subjected to Tukey's studentized range (HSD) test.
Results and Discussion
The study involved biochemical evaluation of the storability trend in black-and yellow-seeded soybean genotypes through assessment of multiple parameters that are indicators of the lipid peroxidation and antioxidant mechanisms.
100-Seed Weight
The data recorded at the end of the storage period revealed a higher increase in 100-seed weight of yellow-seeded genotypes (8.463-9.466 g) than that of black-seeded genotypes (6.788-7.445) ( Table 1 ). This indicated higher moisture absorption by the former, which is also reported to be a characteristic of the poor-storer genotypes [12, 14] . This difference in the moisture sorption between black-and yellow-seeded genotypes may be attributed to the inherent difference in their seed coat characteristics.
Germination Percentage
The initial germination percentage was above 90 % for all genotypes (Table 1) . However, after 12 months of uncontrolled laboratory storage (25 ± 2°C and 65 ± 5 % RH), the germination of the black-seeded soybean genotypes was reduced by 12.42 %, whereas in the yellow-seeded genotypes it reduced by 21.69 %. In case of black-seeded genotypes, the mean germination percentage recorded was 89.85 %, whereas in the yellow-seeded genotypes it was 71.15 % (Table 1) .
It was evident that there is genotypic variability with respect to storability among different soybean varieties and the black-seeded varieties in general showed better storability. This is in general confirmation of observations made by previous researchers' viz., Kueneman and Wein [11] and Kuchlan [10] . Henceforth, based on this germination data, the black-seeded genotypes have been referred to as good storers and the yellow-seeded genotypes have been referred as poor storers.
Electrical Conductivity of Seed Leachate
In case of freshly harvested seeds, good-storer genotypes have shown 13.31 (lS/cm/g seed) electrical leakage as compared to poor-storer genotypes 23.11 (lS/cm/g seed).
In case of ambient stored seeds, good-storer genotypes have shown 15.73 (lS/cm/g seed) electrical leakage as Table 2 ). An increase in electrolyte leakage from seeds was associated with a decrease in germination, with the change being more pronounced in large seeds [19] . Physical injury to seed coat and seed size are reported to adversely affect the electrical conductivity test results [13] . In the present study also, good-storer genotypes with lower electrolyte leakage were characterized by smaller seed size, black testa color, and better germination, as compared to poor-storer genotypes, which recorded higher electrolyte leakage, larger seed size, and yellow testa color. Lipid Peroxidation
Peroxidation of membrane phospholipids, rich in unsaturated fatty acids, results in the production of hydroperoxides, which upon hydration are enzymatically metabolized to various aldehydes and ketones. These are highly reactive and have potential to attack macromolecules within the cell. The aldehydes and ketones released from hydrated seeds were trapped in MBTH solution and quantified colorimetrically. Significant variations were recorded in the release of volatile aldehydes from seeds of freshly harvested and ambient stored seeds. There were significant differences between the good and poor genotypes before and after storage (Table 3 ). In case of freshly harvested seeds, the average release of volatile aldehydes from the good-storer genotypes was 0.6521 lg/g seed, as compared to 0.9664 lg/g seed from poor-storer genotypes. After ambient storage, though the level of volatiles increased substantially, it was significantly lower in good-storer genotypes (1.365 lg/g seed) than the poor-storer genotypes (6.325 lg/g seed).
Peroxidation of fatty acids is the major cause of seed deterioration, which may occur both non-enzymatically (free radical mediated) and enzymatically (lipoxygenase catalyzed). Membrane phospholipids, rich in PUFA, are vulnerable to lipoxygenase activity, which results in deterioration of cell membrane. Among 33 genotypes, significantly higher LOX II mean activity (306.0 and 524.6 U/min/g seed) was noted in poor-storer genotypes as compared to (226.3 and 281.5 U/min/g seed) good-storer genotypes in both freshly harvested and stored seeds, respectively (Table 3) .
Hydroperoxide lyase (HPL) is an enzyme involved in lipid metabolism that cleaves hydroperoxides of certain PUFAs [18] into aldehydes. Among 33 genotypes, no significant difference was noted in the mean HPL activity of good-and poor-storer genotypes (Table 3) . However, lower mean activity of hydroperoxide lyase (343.4 lmol/ min/g seed) was observed in good-storer genotypes, after ambient storage, as compared to poor-storer genotypes (452.6 lmol/min/g seed).
Accumulation of volatile aldehydes during seed ageing, which are released upon hydration, is an indicator of lipid peroxidation [21] . The level of volatile aldehydes released by the poor-storer genotypes was higher than good-storer genotypes, though it increased in all the genotypes during ageing (Table 3 ). This clearly indicated the role of lipid peroxidation in seed longevity behavior. In the present study, a sharp increase in the release of volatile aldehydes, concomitant with the reduction in germination under ambient conditions of storage, confirmed the above postulation (r = -0.6638**). High activity of LOX I, LOX II and production of malondialdehyde and other volatile aldehydes were also reliable indicators of vigor, the levels being higher in the bold and yellow-seeded poor-storer varieties than the black and small seeded good-storer varieties as observed by Ashok Kumar [3] . From the present study, it was also evident that significantly higher LOX II mean activity was noted in poor-storer genotypes as compared to good-storer genotypes in both freshly harvested and stored seeds. A sharp increase in the lipoxygenase activity, concomitant with the reduction in germination under ambient conditions of storage indicated the role of lipid peroxidation in seed longevity behavior (r = -0.7639**). From the present study, it is revealed that maintenance of high hydroperoxide lyase activity during storage resulted in higher release of volatile aldehydes and poor storability of seeds.
Antioxidant Enzymes
Superoxide dismutase (SOD) is first in the series of antioxidant system, which mollifies the superoxide radicals (O • ), produced during electron transport process, into H 2 O 2 and oxygen. It plays an important role in the process of free radical reaction and in seed ageing. Among 33 genotypes, freshly harvested seeds of poor-storer genotypes recorded higher SOD activity (8.629 U/min/g seed) as compared to good-storer genotypes (7.579 U/min/g seed). With the progress of the storage period, SOD activity significantly increased in good-storer genotypes (8.716 U/min/g seed) and decreased drastically in poor-storer genotypes (5.387 U/min/g seed) ( Table 4) .
Enzyme glutathione reductase (GR) takes part in the control of endogenous hydrogen peroxide through an oxidoreduction cycle involving glutathione and ascorbate. In freshly harvested seeds of 33 genotypes, the poor storers recorded significantly higher GR activity (4.424 lmol/min/g seed) as compared to good-storer genotypes (1.681 lmol/ min/g seed). As the storage period progressed, GR activity increased significantly in good-storer genotypes (2.134 lmol/min/g seed) on one hand and decreased significantly in poor-storer genotypes (1.807 lmol/min/g seed) ( Table 4) .
Catalase (CAT) enzyme is essential for the removal of the potentially toxic H 2 O 2 produced under various stress conditions and hence, for the avoidance of oxidative-stressrelated damage, by breaking hydrogen peroxide molecules to oxygen and water. It is located mainly in glyoxysomes. CAT is an important component of a plant's defense system. Similar to GR, the freshly harvested seeds of poor-storer genotypes recorded higher CAT activity (873.5 lmol/min/g seed) as compared to good-storer genotypes (180.4 lmol/min/g seed) ( Table 4) . With the advancement of storage period, CAT activity significantly increased in good-storer genotypes (289.8 lmol/min/g seed) and decreased drastically in poor-storer genotypes (228.5 lmol/min/g seed).
Loss of seed viability has been reported to be associated with a reduction in the activities of antioxidant enzymes viz., SOD, CAT, and GR, which play a significant role in providing protection against highly reactive free radicals both under accelerated ageing and storage conditions [4, 10] . Good storers were also characterized by tightly attached and thicker seed coat [Jagadish Hosamani et al.
unpublished data] and a more efficient system of these radical scavenging enzymes. Thus, the present study confirmed the role of antioxidant enzymes in determining the storage behavior of soybean genotypes under ambient conditions. Though the poor-storer genotypes initially recorded higher enzyme activity (which may be due to an inherent response to a high influx of free radicals), it could not be sustained during storage, thus resulting in loss of viability. The good-storer genotypes, on the contrary, recorded more effective maintenance of seed viability owing to their superior antioxidant defense mechanism, which prevailed throughout the storage period.
Conclusions
A comprehensive assessment of the biochemical parameters revealed the critical role of hydroperoxide lyase and antioxidant enzymes in regulating the metabolic processes associated with seed storability. It is proposed that for breeding soybean varieties with better seed storability, screening for high efficiency of antioxidant enzymes, and down regulation of hydroperoxide lyase in seeds would serve as a more effective criteria, as compared to black/ thick testa or small seed size, which are not desirable agronomic traits.
